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Combining stem cells and biomaterial scaffolds for constructing tissues and cell delivery

Abstract

Combining stem cells with biomaterial scaffolds provides a promising strategy for engineering tissues
and cellular delivery. This review seeks to describe the current types of scaffolds and evaluate their use in
combination with stem cells for tissue engineering applications. Potential scaffold materials are classified as
natural or synthetic and the advantages and drawbacks of each material are detailed. The materials are further
divided into subcategories, which describe specific examples from the literature. Finally, conclusions about the
current state of biomaterial scaffolds containing stem cells for tissue engineering applications are drawn and
suggestions for the future direction of the field are given. Overall, this chapter seeks to give an overview of
the available biomaterials for use in combination with directed stem cell differentiation as means of replacing
diseased or damaged tissues.

1. Introduction

In 1987, a group of experts defined the word biomaterial as “a non-viable material used in a medical device,
intended to interact with biological systems” (Europeon Society of Biomaterials Conference, 1987). This definition
reflected the state of the field at the time, which was focused on developing materials and coatings to prevent the
rejection of implantable medical devices. Since 1987, the field has advanced considerably with recent work resulting
in the development of implantable scaffolds that consist entirely of specific biomaterials. These scaffolds demonstrate
promise for tissue engineering applications and could potentially be used as replacements for diseased or damaged
tissues. Such biomaterial scaffolds can be used to promote the viability and differentiation of stem cells seeded
inside-based on both the intrinsic properties of the material and the incorporation of specific cues into the material.
This review will focus on commonly used biomaterials that have been tested in combination with stem cells and the
different applications for such scaffolds.

A wide range of biomaterials have been developed for different applications. For the purposes of this review,
each biomaterial will be classified as either natural or synthetic. These categories will be broken down further into the
following subtypes of materials: protein-based, polysaccharide-based, polymer-based, peptide-based, and ceramic-
based biomaterials. The advantages and drawbacks of each subtype will be detailed along with an overview of the
current body of work for each biomaterial as it pertains to the culture and delivery of stem cells. The different materials
and applications along with the relevant literature are listed in Tables 1 and 2. This review will focus mainly on
three-dimensional (3D) scaffolds as they are the most appropriate for developing engineered tissues and delivering
cells for in vivo applications. It will also highlight studies that involve directed differentiation of stem cells into mature
phenotypes as opposed to using biomaterial scaffolds for expansion of undifferentiated stem cells. Overall, this review
seeks to summarize the current knowledge of using biomaterials in combination with stem cells.

2. Natural biomaterials

The different components that make up the extracellular matrix provide a starting point for developing scaffolds
based on natural biomaterials. These proteins and polysaccharides perform many roles in vivo and thus make such
materials attractive for tissue engineering applications. Additionally, their natural origin often means that these materials
contain sites for cellular adhesion and tend to be biocompatible. Some of the disadvantages of these materials include
potential lot to lot variability of the material, depending on the source, as well as needing to ensure the purity of the
protein or polysaccharide before implantation to avoid activating an immune response. These scaffolds often have a
limited range of mechanical properties and may need to be optimized for stem cell culture. The following sections will
focus specifically on scaffolds made from purified proteins or polysaccharides as opposed to heterogeneous natural
materials such as Matrigel or other complex protein mixtures.

2.1 Protein-based biomaterials

One of the main functions of proteins is to provide structure to tissues and this property suggests that protein-
based biomaterials would be suitable for tissue engineering applications involving stem cell differentiation and
transplantation. Different methods of purification exist depending on the protein desired for scaffold fabrication and
the animal source. One of the most commonly used scaffold materials, collagen, can be isolated from a variety
of tissues, such skin, tendon, or bone, usually of animal origin. In vivo, fibrin, which is derived from fibrinogen,
generates the blood clots that form after injury to the vasculature. Due this role and the ability to isolate fibrinogen from
blood (both human and animal), it has been used as a sealant in clinical studies and as a biomaterial scaffold. Another
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Table 1. List of natural biomaterials

Type of
material Application Citations

Protein based biomaterials
Collagen Bone, Cartilage, Heart,

Ligament, Nerve,
Vasculature

Baharvand et al. (2006); Battista et al. (2005); Chan
et al. (2007); Chen et al. (2003); Daya et al.
(2007); Gerecht-Nir et al. (2003); Ma et al.
(2004); Michelini et al. (2006); Noth et al. (2005);
O’Connor et al. (2000); Sumanasinghe et al.
(2006); Watanabe et al. (2007)

Fibrin Cartilage, Nerve,
Vasculature

Catelas et al. (2006); Gurevich et al. (2002); Im et al.
(2005); Liu et al. (2006); Willerth et al. (2006);
Willerth et al. (2007); Worster et al. (2001)

Silk Bone, Cartilage, Liver Altman et al. (2002); Hofmann et al. (2007);
Hofmann et al. (2006); Kim et al. (2005); Mauney
et al. (2007); Meinel et al. (2005); Meinel et al.
(2004a); Meinel et al. (2004b); Meinel et al.
(2004c); Wang et al. (2005)

Polysaccharide based biomaterials
Agarose Cartilage, Heart, Nerve Ando et al. (2007); Awad et al. (2004); Chen et al.

(2007b); Finger et al. (2007); Huang et al. (2004);
Mauck et al. (2006); Moriyasu et al. (2006)

Alginate Cartilage, Liver, Nerve,
Vasculature

Ashton et al. (2007); Awad et al. (2004); Franzesi
et al. (2006); Gerecht-Nir et al. (2004);
Hannouche et al. (2007); Jin et al. (2007);
Maguire et al. (2006); Prang et al. (2006); Wayne
et al. (2005)

Hyaluronan Adipose, Cartilage,
Nerve, Skin, Vasculature

Angele et al. (2007); Chen et al. (2007a); Flynn et al.
(2007); Flynn et al. (2008); Gerecht et al. (2007);
Mehlhorn et al. (2007); Myers et al. (2007)

Chitosan Bone, Cartilage, Nerve,
Skin

Cho et al. (2007); Franzesi et al. (2006); Gravel et al.
(2006); Mrugala et al. (2007); PP et al. (2005)

protein that has been investigated for use in generating tissue engineered scaffolds is silk, which is secreted by insects
and worms. Scaffolds made of silk or silk fibroin have slow degradation rates and desirable mechanical properties,
providing an alternative to the collagen and fibrin. Scaffolds made from silk fibers can be fabricated into a variety
of structures, such as mats, sponges, meshes and membranes, expanding the possible applications. Silk can also be
chemically modified to further enhance the properties of such a scaffold. The following sections will highlight specific
examples of these scaffolds being used in combination with stem cells for different tissue engineering applications.

2.1.1 Collagen

3D collagen scaffolds have been used to culture a wide variety of stem cells for different tissue engineering applications.
One study demonstrated the monkey embryonic stem (ES) cells could differentiate into neural phenotypes as well as
endothelial phenotypes when cultured as aggregates of cells known as embryoid bodies inside of collagen scaffolds
(Chen et al., 2003; Michelini et al., 2006). When combined with appropriate cues, human ES cells can differentiate
and form blood vessels when cultured inside of collagen scaffolds (Gerecht-Nir et al., 2003). A similar approach using
3D collagen scaffolds has been used to generate hepatocytes from human ES cells (Baharvand et al., 2006). Another
study looked at the effect of incorporating fibronectin and laminin into collagen scaffolds on the behavior of the mouse
ES cells seeded inside the scaffold (Battista et al., 2005). This study showed that fibronectin promotes differentiation
into endothelial cells while adding laminin promotes differentiation into cardiomyocytes. All of these studies illustrate
the suitability of collagen for use a scaffold for the culture of ES cells.
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Table 2. List of synthetic biomaterials

Type of
material Application Citations

Polymer based biomaterials
PLGA Adipose, Bone,

Cartilage, Muscle,
Nerve

Bhang et al. (2007); Chastain et al. (2006); Choi
et al. (2005, 2007); Graziano et al. (2007); Kim
et al. (2003); Kim et al. (2006); Levenberg et al.
(2005); Levenberg et al. (2003); Neubauer et al.
(2005); Sun et al. (2007); Teng et al. (2002);
Tomita et al. (2005); Uematsu et al. (2005); Xin
et al. (2007); Yoon et al. (2007)

PEG Adipose, Bone,
Cartilage, Liver,
Heart, Nerve

Benoit and Anseth (2005); Benoit et al. (2007);
Buxton et al. (2007); Ford et al. (2006); Hwang
et al. (2006); Mahoney and Anseth (2006, 2007);
Nuttelman et al. (2004); Royce Hynes et al.
(2007); Salinas et al. (2007); Shin et al. (2004);
Stosich et al. (2007); Underhill et al. (2007);
Varghese et al. (2008)

Peptide based
biomaterials

Bone, Nerve Garreta et al. (2007); Garreta et al. (2006); Gelain
et al. (2006); Hamada et al. (2008); Hosseinkhani
et al. (2006); Silva et al. (2004)

Ceramic based
biomaterials

Bone, Cartilage Arinzeh et al. (2003); Arinzeh et al. (2005); Bruder
et al. (1998); Dennis and Caplan (1993); Dyson
et al. (2007); Gao et al. (2001); Hanada et al.
(1997); Kitamura et al. (2004); Kotobuki et al.
(2005); Kruyt et al. (2006); Lennon et al. (1995);
Marcacci et al. (2007); Meseguer-Olmo et al.
(2007); Ohgushi et al. (1996); Shimaoka et al.
(2004); Toquet et al. (1999); Turhani et al. (2005);
Yamada et al. (2003); Yang et al. (2006)

Additionally, other types of stem cells have been used in conjunction with collagen scaffolds to produce
engineered tissues. These approaches include seeding such scaffolds with neural stem cells (Ma et al., 2004; O’Connor
et al., 2000; Watanabe et al., 2007). These cells differentiate into neurons and form functional circuits inside of the
scaffolds (Ma et al., 2004). Also, pre-adipocyte cells can be directed to differentiate into mature adipocytes when
seeded inside of 3D collagen scaffolds (Daya et al., 2007). Other studies have cultured mesenchymal stem cells inside
of such scaffolds for a variety of applications including engineering bone, ligaments, and cartilage (Chan et al., 2007;
Noth et al., 2005; Sumanasinghe et al., 2006).

2.1.2 Fibrin

Although it has not been investigated as heavily as collagen, fibrin has also been studied as potential scaffold material
for the culture of stem cells. Our lab has utilized fibrin scaffolds for the culture of ES cell derived neural progenitor
cells and determined the necessary soluble growth factor cues needed to promote the differentiation of such cells in
neurons and oligodendrocytes (Willerth et al., 2006; Willerth et al., 2007). Other groups have examined the behavior
of mesenchymal stem cells seeded inside of fibrin clots and treated with growth factors for use in engineering bone
(Catelas et al., 2006; Gurevich et al., 2002). Additionally, fibrin scaffolds seeded with mesenchymal stem cells have
also been used for engineering cartilage (Im et al., 2005; Worster et al., 2001). Work from the Suggs laboratory has
demonstrated the suitability of fibrin scaffolds for promoting vasculature formation from mouse ES cells (Liu et al.,
2006). This body of work suggests that a variety of stem cell lines can be cultured inside of fibrin scaffolds for many
different tissue engineering applications.

2.1.3 Silk

The properties of silk make it attractive for engineering bone and ligament tissue and extensive research has been done
using 3D silk scaffolds in conjunction with mesenchymal stem cells for these applications. Specifically the Kaplan
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laboratory has successfully developed such strategies (Altman et al., 2002; Hofmann et al., 2007; Hofmann et al.,
2006; Kim et al., 2005; Mauney et al., 2007; Meinel et al., 2005; Meinel et al., 2004a; Meinel et al., 2004b; Meinel
et al., 2004c). Work from their lab has shown that human mesenchymal stem cells combined with silk scaffolds can be
used to engineer bone. One of their first studies demonstrated that the flow conditions around the scaffold as well as
the properties of the scaffold influenced the rate of calcium deposition, which is an important consideration for bone
tissue engineering (Meinel et al., 2004b). A companion study explored using silk scaffolds modified to contain RGD
(arginine-glycine-aspartic acid) peptide sequences for the culture of human mesenchymal stem cells and showed that
these scaffolds were appropriate for replacing bone due the slow scaffold degradation (Meinel et al., 2004c). Other
studies have examined the role of pore size to determine its influence on the behavior of the stem cells seeded inside
silk scaffolds (Kim et al., 2005; Meinel et al., 2005).

Another area of tissue engineering where this approach has been used is for the production of cartilage. Meinel
and colleagues showed that silk scaffolds promoted more extensive chondrogenesis compared to collagen scaffolds
when these scaffolds were seeded with human mesenchymal stem cells (Meinel et al., 2004a). A follow up study
showed that macroporous silk scaffolds developed using an aqueous process could also be used for such applications
(Wang et al., 2005). Similar approaches have also been used to produce tissue engineered replacements for ligaments
(Altman et al., 2002). Overall, the mechanical properties of silk make it an attractive material for engineering bone,
cartilage and ligament tissue from stem cells.

2.2 Polysaccharide-based biomaterials

In addition to proteins, polysaccharides, which consist of sugar monomers, also play important role in maintaining
the structure of the extracellular matrix. These materials have been investigated for use as a potential scaffold material
for stem cell transplantation. Polysaccharides are usually branched and can be obtained from either plant or animal
sources. Depending on the source of the polysaccharide and method of isolation, an immune response may be triggered,
which is one issue to consider when choosing a potential scaffold material. The structure and monomer composition
contribute the properties of the specific polysaccharides. Scaffolds made from such materials can often be formulated
to gel rapidly, allowing for injection into the injury site. This section will review some of the most commonly used
polysaccharide-based scaffolds, including agarose, alginate, hyaluronan, and chitosan, that have been used for the
culture and differentiation of stem cells.

2.2.1 Agarose

Agarose, which is isolated from red algae and seaweed, consists of a galactose-based backbone and is commonly used
as a medium for cell culture in the form of agar. One of the attractive properties of agarose is that its stiffness can
altered, allowing for tuning of the mechanical properties of the scaffold. Agarose scaffold have been investigated in
combination with stem cells for generating a variety of applications, including cartilage, heart, and nerve. A variety of
studies have demonstrated the suitability of agarose scaffolds for promoting stem cells to differentiate into chondrocytes
(Awad et al., 2004; Finger et al., 2007; Huang et al., 2004; Mauck et al., 2006). The different stem cells types used
in these studies included bovine mesenchymal stem cells, human mesenchymal stem cells, and adipose-derived stem
cells. A different study showed that primate ES cells cultured inside of agarose scaffolds would form aggregates
and differentiate into cardiomyocytes that would beat for up to one month (Chen et al., 2007b). Other studies have
demonstrated that both mouse and primate ES cells can differentiate into dopaminergic neurons when encapsulated
inside of agarose microcapsules (Ando et al., 2007; Moriyasu et al., 2006). This strategy could be used as a potential
therapy for Parkinson’s disease. Overall, agarose scaffolds provide a versatile platform for tissue engineering.

2.2.2 Alginate

Alginate, which is derived from the cell walls of brown algae, forms scaffolds through the use of ionic cross-linking,
allowing for encapsulation of cells. Many studies have evaluated alginate scaffolds as a platform for generating cartilage
(Awad et al., 2004; Hannouche et al., 2007; Jin et al., 2007; Wayne et al., 2005). Both adipose-derived adult stem cells
as well bone marrow-derived mesenchymal stem cells have been shown to survive and differentiate in chondrocytes
in these studies. Alginate has also been used for neural tissue engineering applications. One study demonstrated that
adult neural progenitor cells seeded inside of alginate scaffolds survived in vivo for two weeks after implantation into
a spinal cord injury model (Prang et al., 2006). A different study developed tunable alginate scaffolds by incorporating
microspheres that released enzymes over time to degrade the scaffold. These scaffolds were successfully used to
culture neural progenitor cells and increased their proliferation rate compared to when such cells were cultured in
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alginate scaffolds without microspheres (Ashton et al., 2007). Alginate scaffolds have also been used in combination
with ES cells to generate hepatocytes and vasculature (Gerecht-Nir et al., 2004; Maguire et al., 2006).

2.2.3 Hyaluronan

Hyaluronan, also known as hyaluronic acid, is one of the major components of the extracellular matrix. It contains
sites for cell adhesion and hyaluronan expression is upregulated during embryogenesis, suggesting its suitability as
a scaffold material for the culture of ES cells. A recent study from the Langer lab demonstrated that such scaffolds
could be used for promoting both self renewal of human ES cells as well as vascular differentiation (Gerecht et al.,
2007). Hyaluronan is also expressed in many different tissues, including cartilage and nerve, suggesting it could also
be used for the culture and differentiation of adult stem cells. Some studies have used mesenchymal stem cells cultured
inside of hyaluronan scaffolds as a way of repairing cartilage both in vitro and in vivo (Angele et al., 2007; Mehlhorn
et al., 2007). Work from the Woodhouse group has also used such approaches to engineer adipose substitutes (Flynn
et al., 2007; Flynn et al., 2008). Other approaches have combined hyaluronan scaffolds with stem cells derived from
keratinocytes and adipose for engineering skin and bone respectively (Chen et al., 2007a; Myers et al., 2007).

2.2.4 Chitosan

Another polysaccharide that has been explored for tissue engineering applications is chitosan. It is derived by the
deacetylation of chitin and consists of glucosamine units. Additionally, the rate of gelation of chitosan scaffolds can
be controlled using pH. Chitosan has been used extensively as material for regenerating skin, bone and nerve tissue
and has more recently been studied for use in combination with stem cells. One of the studies looked at the ability
of such 3D scaffolds to promote osteogenic differentiation of mouse mesenchymal stem cells (Gravel et al., 2006).
This study showed that the addition of corraline, another seaweed derived material, enhanced osteocalcin release over
time, which is important for bone formation. A different approach for bone tissue engineering used adipose-derived
mesenchymal stem cells seeded inside of chitosan particles, which were then aggregated to form scaffolds (PP et al.,
2005). Chitosan scaffolds have also been demonstrated to be suitable for mouse ES cell culture as well as for the
expansion of stem cells derived from human cord blood (Cho et al., 2007; Franzesi et al., 2006). For cartilage tissue
engineering, an in vivo study looked at the effects of using chitosan scaffolds seeded with mesenchymal stem cells
and transforming growth factor-β as treatment for lesions on the patella of sheep (Mrugala et al., 2007). These cells
differentiated into chondrocyte-like cells, demonstrating that such strategies can be effective in vivo. Such studies
show that these scaffolds support stem cell differentiation both in vitro and in vivo.

3. Synthetic biomaterials

Synthetic biomaterials provide an alternative to natural materials to serve as scaffolds for the culture of stem
cells. These materials offer many advantages including reproducibility due to their defined chemical composition and
the ability to control the mechanical properties, degradation rate, and shape independently. The mechanical properties
of a scaffold can influence the resulting stem cell differentiation (Engler et al., 2006). The ability to shape a material
allows for production of scaffolds that conform to specifications of the injury or transplantation site. The ability to
tailor scaffolds with specific degradation rate is one advantage of synthetic scaffolds over natural biomaterials and
these properties can also affect the release rate of drugs incorporated into such scaffolds. However, many of the
synthetic materials lack sites for cell adhesion and may have to be chemically modified to contain such cues to allow
for stem cell adhesion and culture. Other considerations include the biocompatibility of the material and its suitability
for transplantation in vivo, as well as whether or not the material and its byproducts can trigger an immune response.

3.1 Polymer-based biomaterials

This section will discuss polymers that have been used in conjunction with stem cells for producing different kinds
of tissue. These scaffolds are chemically defined and can often be formulated to have specific mechanical properties.
They can also be modified to contain cues using various chemistries. There are some issues with these polymer-based
scaffolds including a lack of sites for cell adhesion and the potential for toxic byproducts after degradation. This
section will focus on some of the most commonly used polymer scaffolds for culture of stem cells, including poly
(lactic-co-glycolic acid) and poly (ethylene glycol). Other polymers, such as poly (2-hydroxyethyl methacrylate)
(pHEMA) and poly (ε-caprolactone), have been explored for stem cell culture in 2D, but these studies will not be
discussed in this chapter.
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3.1.1 Poly (lactic-co-glycolic acid)

Poly (lactic-co-glycolic acid) (PLGA) is a copolymer that consists of monomers of glycolic acid and lactic acid
connected by ester bonds. It is an FDA approved polymer that is attractive for tissue engineering applications due to
its biocompatibility and the ability to modulate the degradation rate. In the presence of cells, PLGA scaffolds degrade
in the monomers, which are natural metabolites but can have negative effects due to their acidic nature. For these
reasons, PLGA scaffolds have been used for engineering a wide range of tissues.

Some groups have investigated combining PLGA scaffolds with mesenchymal stem cells for the generation of
adipose tissue, which can be used during reconstructive surgery. They showed that including basic fibroblast growth
factor (bFGF) along with the stem cells seeded inside of PLGA scaffolds enhanced the differentiation of these cells
into adipocytes (Neubauer et al., 2005). Work from the Suh lab looked at translating such an approach to a PLGA
microsphere system to develop an injectable method of tissue engineering (Choi et al., 2005, 2007). Other work has
investigated the use of PLGA scaffolds combined with adult adipose-derived stem cells for generating muscle tissue
(Kim et al., 2006).

Neural tissue engineering represents another area where PLGA scaffolds seeded with stem cells shows promise
as therapy for disorders of the nervous system. Work done by the Langer lab has shown the potential of such strategies.
One study that showed that PLGA scaffolds designed to mimic the spinal cord (see Figure 1) and seeded with murine
neural stem cells produced an increase in functional recovery after traumatic spinal cord injury in preclinical testing
(Teng et al., 2002). An additional study demonstrated that human ES cells seeded inside of PLGA scaffolds could be
directed to differentiate into neurons when treated with the appropriate cues (Levenberg et al., 2003). The same study
also showed that these cells could differentiate in cartilage and liver tissue inside of such scaffolds when exposed
to the appropriate cues. A follow up study further characterized the differentiation of human ES cells treated with
neurotrophins when seeded inside PLGA scaffolds for engineering neural tissue (Levenberg et al., 2005). Seeding
retinal progenitor cells into PLGA scaffolds provided an effective method of cell delivery in vivo, and the cells were
able to differentiate into neurons and astrocytes (Tomita et al., 2005). PLGA has also been demonstrated to be a suitable
scaffold for the culture of progenitor cells isolated from the hippocampus in terms of cell viability and differentiation
(Bhang et al., 2007).

An extensive amount of research has been conducted using PLGA scaffolds for engineering bone and cartilage
tissue. One study seeded human mesenchymal stem cells onto nanofiber PLGA scaffolds where they differentiated into
both chondrogenic and osteogenic phenotypes (Xin et al., 2007). Another group implanted PLGA scaffolds seeded
with mesenchymal stem cells into rabbits with large defects in their knees (Uematsu et al., 2005). Cartilage formation
was observed 12 weeks after implantation when the scaffolds were used. Numerous studies have been conducted using
PLGA scaffolds seeded with mesenchymal stem cells for bone tissue engineering (Chastain et al., 2006; Graziano
et al., 2007; Kim et al., 2003; Sun et al., 2007; Yoon et al., 2007). Some of the interesting observations from these
studies included determining that the addition of pits to such scaffolds enhanced osteogenic differentiation and that
co-culture with endothelial cells affected differentiation (Graziano et al., 2007; Sun et al., 2007).

3.1.2 Poly (ethylene glycol)

Poly (ethylene glycol) (PEG), with high molecular weight versions being referred to as poly (ethylene oxide) (PEO),
is a commonly used polymer for biomaterial applications due to its ability to resist protein absorption. Scaffolds made
from PEG can be polymerized using either chemical or photoinitiators, and the amount of initiator used affects the
properties of the resulting scaffolds. These scaffolds can also be chemically modified to contain bioactive molecules,
including peptides and heparin. In combination with stem cells, these scaffolds have been evaluated for their suitability
as potential replacements for bone, cartilage, nerve, liver and vasculature tissue.

A great deal of research has been done on using PEG scaffolds seeded with stem cells to generate bone and
cartilage (Benoit and Anseth, 2005; Benoit et al., 2007; Buxton et al., 2007; Hwang et al., 2006; Nuttelman et al.,
2004; Salinas et al., 2007; Shin et al., 2004; Varghese et al., 2008). For bone applications, studies explored using
mesenchymal stem cells combined with a variety of cues, including RGD peptides, bone morphogenetic protein
(BMP), and heparin, to promote osteogenic differentiation (Benoit and Anseth, 2005; Benoit et al., 2007; Nuttelman
et al., 2004; Shin et al., 2004). Similar to the approaches for generating bone, mesenchymal stem cells were also used
for producing cartilage in combination with PEG scaffolds. The cells were directed to form chondrocytes through the
addition of bioactive molecules, including chondroitin sulfate, transforming growth factor-β, and BMP (Hwang et al.,
2006; Varghese et al., 2008). One of the studies looked at how changing the properties of the PEG scaffold influenced
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Figure 1. Designing PLGA scaffolds that mimicks the architecture of the spinal cord. A. Schematic of the scaffold design showing the inner and outer
scaffolds. B. and C. Inner scaffolds seeded with NSCs. (Scale bars: 200 µm and 50 µm, respectively.) D. The outer section of the scaffold was generated
by means of a solid-liquid phase separation technique that produced long, axially oriented pores for axonal guidance as well as radial pores to allow fluid
transport and inhibit the ingrowth of scar tissue (scale bar, 100 µm). E. Schematic of surgical insertion of the implant into the spinal cord. Reproduced from
Teng et al. (2002), Copyright 2002, National Academy of Sciences, U.S.A.

extracellular matrix secretion by the stem cells (Buxton et al., 2007). All of these conditions are important to consider
when designing PEG scaffolds for stem cell culture.

Other examples in the literature show the suitability of PEG scaffolds for engineering nerve tissue for the
treatment of central nervous system disorders, such as Parkinson’s disease or spinal cord injury. Work by Mahoney and
Anseth demonstrated that neural precursor cells could be cultured inside of PEG scaffolds and investigated the effects
of adding bFGF and collagen to such a system (Mahoney and Anseth, 2006, 2007). The Lavik group functionalized
PEG scaffolds with poly-L-lysine to add sites for cell adhesion, and the neural stem cells seeded inside these scaffolds
survived and were able to differentiate into mature phenotypes (Royce Hynes et al., 2007). Another study from their
lab used macroporous PEG scaffolds for the co-culture of neural progenitor cells and endothelial cells to engineer
nerve tissue. The addition of the endothelial cells allowed for formation of a microvasculature inside of the nerve
tissue when tested in vivo (Ford et al., 2006). PEG scaffolds have also been investigated in combination with human
mesenchymal stem cells for adipose tissue engineering and with mouse embryonic liver cells to generate hepatocytes
for liver tissue engineering, showing the versatility of such scaffolds (Stosich et al., 2007; Underhill et al., 2007).
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Figure 2. Self assembling peptide scaffolds for the neural tissue engineering applications. A. Molecular graphics illustration of an IKVAV-containing
peptide amphiphile molecule and its self-assembly into nanofibers. B. Scanning electron micrograph of an IKVAV nanofiber network formed by adding cell
media (DMEM) to a peptide amphiphile aqueous solution. The sample in the image was obtained by network dehydration and critical-point drying of samples
caged in a metal grid to prevent network collapse (samples were sputtered with gold-palladium films and imaged at 10 kV). C. and D. Micrographs of the
gel formed by adding to IKVAV peptide amphiphile solutions (C) cell culture media and (D) cerebral spinal fluid. E. Micrograph of an IKVAV nanofiber
gel surgically extracted from an enucleated rat eye after intraocular injection of the peptide amphiphile solution. Reproduced from Silva et al. (2004).
Reprinted with permission from AAAS. Readers may view, browse, and/or download material for temporary copying purposes only, provided these uses
are for noncommercial personal purposes. Except as provided by law, this material may not be further reproduced, distributed, transmitted, modified, adapted,
performed, displayed, published, or sold in whole or in part, without prior written permission from the publisher.

3.2 Peptide-based biomaterials

Peptide-based biomaterials consist of short sequences of amino acids, which can produce self assembling
scaffolds. These scaffolds can potentially combine the functionality of protein-based scaffolds by using motifs derived
from naturally occurring proteins with the reproducibility of synthetic scaffolds. Many of the peptide-based biomaterials
can self assemble into 3D scaffolds through the use of amphiphilic peptides, which form aggregates in aqueous
solutions.

The Stupp lab was one of the first groups to use such self-assembling scaffolds (shown in Figure 2) for promoting
the differentiation of murine neural progenitor cells into neurons (Silva et al., 2004). These scaffolds contained the
peptide sequence IKVAV (isoleucine-lysine-valine-alanine-valine) derived from laminin and this sequence had been
shown previously to promote neurite outgrowth (Matsuzawa et al., 1996). This study also illustrates the importance
of selecting the appropriate peptide sequence for promoting the survival and differentiation of the stem cells seeded
inside of such a scaffold. A similar approach was used to develop self-assembling peptide scaffolds seeded with
mesenchymal stem cells for bone tissue engineering (Hosseinkhani et al., 2006). These scaffolds incorporated an RGD
sequence to allow the cells to adhere to the scaffolds.

Other groups have used scaffolds produced from the self-assembling peptide called RADA16-I combined with
stem cells for tissue engineering applications. One approach to producing bone involved seeding embryoid bodies
derived from mouse ES cells inside of scaffolds made from these peptides and then inducing the cells to differentiate
using osteogenic medium (Garreta et al., 2006). A follow up study combined this self-assembling peptides with the
ceramic hydroxyapatite to produce a scaffold that was more efficient promoting at the differentiation of mouse ES cells
seeded inside (Garreta et al., 2007). More recent work by the Zhang lab looked at altering the RADA16 peptides to
incorporate 18 different peptide motifs to determine the most appropriate scaffold material for mouse adult neural stem
cells (Gelain et al., 2006). This study identified two motifs derived from bone marrow homing motifs that promoted
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the differentiation of these stem cells into neurons and astrocytes as well as increased cell survival. This work suggests
that such self-assembling peptide scaffolds can be optimized to promote the differentiation of stem cells into a desired
phenotype based on the incorporated motifs.

3.3 Ceramic-based biomaterials

Ceramics are inorganic materials formed through treatment with heat and are often porous and brittle. They have
crystalline structures and are used for a wide variety of applications. Common examples of such materials include
bioactive glass and hydroxyapatite. Bioactive glass consists of a mixture of silicon dioxide, sodium oxide, calcium
oxide, and phosphate oxide. Its chemical composition allows it to have surface reactivity and these materials were
developed as means of replacing injured bone. Hydroxyapatite, which is a mineral found in bone, is a naturally
occurring ceramic material. Synthetic versions of hydroxyapatite have been synthesized and investigated for use as a
potential replacement for bone tissue due to its strength and biocompatibility. Other ceramic-based materials exhibit
similar properties and these materials, along with hydroxyapatite, have been investigated extensively in combination
with stem cells for tissue engineering of bone (Arinzeh et al., 2003; Arinzeh et al., 2005; Bruder et al., 1998; Dennis
and Caplan, 1993; Dyson et al., 2007; Gao et al., 2001; Hanada et al., 1997; Kitamura et al., 2004; Kotobuki et al.,
2005; Kruyt et al., 2006; Lennon et al., 1995; Marcacci et al., 2007; Meseguer-Olmo et al., 2007; Ohgushi et al., 1996;
Shimaoka et al., 2004; Toquet et al., 1999; Turhani et al., 2005; Yamada et al., 2003; Yang et al., 2006). These studies
include both in vitro and in vivo testing of these materials.

The Caplan lab has done a great deal of work characterizing the culture of mesenchymal stem cells on ceramic
materials (Dennis and Caplan, 1993; Hanada et al., 1997; Lennon et al., 1995). These studies showed that these stem
cells could differentiate into osteogenic phenotypes when seeded inside of ceramic cubes and demonstrated that bFGF
and BMP could be used to enhance differentiation. Another study demonstrated the usefulness of growth/differentiation
factor-5 for promoting osteogenic differentiation in such a culture system (Shimaoka et al., 2004). These scaffolds
have also showed promise when tested in in vivo models of bone defects (Arinzeh et al., 2003; Bruder et al., 1998;
Marcacci et al., 2007; Yamada et al., 2003). One of the studies demonstrated that incorporation of mesenchymal stem
cells into ceramic implants results in stronger bone graft compared to implanting an acellular version of the scaffold
(Bruder et al., 1998). Two other studies showed similar results with bone formation only occurring when the stem cells
were seeded into the scaffold (Arinzeh et al., 2003; Yamada et al., 2003). Finally a recent study detailed the results
of using such an approach in a pilot clinical study in Italy (Marcacci et al., 2007). In this study, bone marrow stromal
cells were taken from the patient and seeded onto the ceramic scaffolds that were then implanted back into the patient.
Long term bone regeneration consisting of fusion between the implant and the original bone was observed with no
major adverse events reported. This study illustrates how such regenerative medicine strategies can be effective in a
clinical setting.

More recently, these ceramic-based materials have been combined with biodegradable polymers, such as those
materials mentioned earlier in this chapter, to be used for bone tissue engineering applications. Such composite
materials can allow for additional drug delivery functionality and for fabrication of highly porous structures to allow
for cellular infiltration when culturing stem cells inside of such scaffolds. Such composite scaffolds and drug delivery
methods for bone tissue engineering have been reviewed extensively in the literature (Guarino et al., 2007; Lee and
Shin, 2007; Rezwan et al., 2006).

4. Conclusions and future studies

The purpose of this review was to detail some of the most commonly used biomaterial scaffolds for transplantation
of stem cells. It sought to give an idea of the types of materials available and their unique properties, allowing reader to
the ability to choose a material that would best suit their specific tissue engineering application. As seen throughout the
studies detailed in this chapter, the type of material and the cues that are incorporated in the scaffold play a large role
in directing the fate of the stem cells seeded inside. Another important consideration when designing such scaffolds is
the method of fabrication, which allows different types of patterns and architecture to be formed. These methods have
been reviewed elsewhere (Tsang and Bhatia, 2004).

Many of the scaffold materials discussed in this chapter could be adapted for new tissue engineering applications
and stem cell types. Although it was not discussed extensively in the chapter, different scaffold materials can be
blended together to achieve additional properties and benefits. Also, many different biomaterials exist that have not
yet been adapted for use with stem culture, which could be explored in future studies. Another consideration for
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developing engineered scaffolds containing stem cells is how to incorporate or produce of a vascular network inside
of the scaffold that would allow it to integrate with actual tissue and restore function lost after injury or disease. It
can be achieved through a variety of ways including through co-culture with endothelial cells or by adding cues to
promote angiogenesis into the scaffolds. Overall, this chapter has provided a starting point for further development of
biomaterial scaffolds combined with stem cells for tissue engineering applications.
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